Abstract. It has previously been shown that r(GGA)4 folds into a G-quadruplex structure, which binds to the normal cellular form of the prion protein (PrP C ) with high affinity. The current study utilizes CD and NMR spectroscopy to show that a dimeric parallel G-quadruplex structure is formed by r(GGA)2 in a KCl solution. Each r[(GGA)2]2 G-quadruplex unit exhibits two G-quartets, one of which is hydrogen bonded to two additional adenines forming a hexade. Through stacking of hexade planes, two G-quadruplex units interact with each other and form a symmetric dimer, r[(GGA)2]4. The topology of r[(GGA)2]4 is in agreement with the fold of r[(GGA)4]2, however, subtle differences are found in the region responsible for PrP C binding.
INTRODUCTION
Guanine rich DNA and RNA oligonucleotides are capable of folding into four-stranded structures called G-quadruplexes. [1] [2] [3] [4] [5] The building blocks of these noncanonical structures are G-quartets, stacked planar arrangements of four guanines. G-quadruplex formation is strongly dependent on the presence of certain mono-or divalent cations. Different strand directionality, molecularity and loop conformations give rise to tremendous structural polymorphism, which is largely determined by the oligonucleotides primary structure. Consequently, small variations in the sequence of oligonucleotides can result in a large pool of structurally diverse G-quadruplexes. This plethora of structures can be exploited for the selection of G-quadruplex based aptamers with highly specific target recognition and binding. 6, 7 Previously, DNA and RNA oligonucleotides capable of folding into G-quadruplex structures were found to specifically interact with the prion protein. 8, 9 Triplet (GGA) n repeats can be found throughout the human genome. 10, 11 It has been shown previously that such repeats are capable of forming fold-back hairpins stabilized by G:G and A:A base pairs. 12 Studies suggested that oligonucleotides with GGA repeats form four-stranded structures with G-quartets as constitutive units.
13
A 12-nt RNA oligonucleotide r(GGA) 4 was identified as an aptamer for binding to the α-helix rich cellular form of the prion protein (PrP C ). 14 Subsequent NMR studies showed that r(GGA) 4 folds into an intramolecular parallel G-quadruplex. 15 In the r(GGA) 4 G-quadruplex structure four guanine residues constitute a classical G-quartet, while the remaining four guanines form a hexade with two adenines on the sides. Two G-quadruplex units dimerize through stacking interactions between two hexade planes. The outer G-quartets are responsible for the interaction with PrP C . 16 Each G-quadruplex unit binds to a portion of the N-terminal half of PrP C , resulting in tight binding in the nanomolar range. It is speculated that such RNA aptamer, which stabilizes PrP C , is expected to block the conversion into the β-sheet rich abnormal form PrP Sc and thereby prevent prion disease development. 17 Herein we explore the possibility of the formation of a G-quadruplex structure by a shorter RNA oligonucleotide r(GGA) 2 . CD and NMR spectroscopy reveal that a G-quadruplex is readily formed by r(GGA) 2 in a KCl solution. Furthermore, two G-quadruplex units dimerize in a similar fashion as observed for r(GGA) 4 . However, subtle structural differences are found in the region responsible for interaction with the prion protein, which contribute new insights into binding of the RNA aptamer to PrP C . N double-labeled oligonucleotide was 0.5 mM per strand and 0.3 mM per strand for the unlabeled oligonucleotide. Concentration was determined spectrophotometrically at 260 nm using a Varian CARY-100 BIO Spectrophotometer.
Circular dichroism Spectroscopy
Circular dichroism (CD) spectra were recorded on an Applied Photophysics Chirascan CD spectrometer at 25 °C using a 1.0 mm path length quartz cell. The wavelength range was from 200 to 320 nm. CD samples were prepared at 50 μM oligonucleotide concentration in 100 mM KCl and 2 mM EDTA solution.
NMR Spectroscopy
NMR spectra were collected on Agilent VNMRS 800, 600 and 300 MHz NMR spectrometers at 25 °C. 1 H 1D NMR spectra were acquired using DPFGSE water suppression sequence. The translation diffusion coefficient was determined using pulse field gradient stimulated echo pulse sequence. NOESY spectra were acquired with mixing times (τ m ) of 100, 125, 150, 175, 200, 225 and 250 ms. Resonances were assigned by analyzing NOESY, HSQC, HCN, HCN-TOCSY-CH and HCCH TOCSY spectra. Spectra were processed with VNMRJ (Agilet Technologies) and NMRPipe 19 software packages. Signal integration with Gaussian fit procedure was done with Sparky software (UCSF). NOE distance restraints for exchangeable protons were classified as strong (1.8 -3.6 Å), medium (2.6 -5.0 Å) and weak (3.5 -6.5 Å).
Structure Calculations
Molecular modeling was performed using AMBER 11 software with the parmbsc0 force field 20, 21 starting from an initial extended structure. A series of 100 restrained simulated annealing (SA) simulations using the Born implicit solvation model was carried out. For the first 25 ps molecules were held at a constant temperature of 1000 K. The molecules were then cooled to 300 K in the next 25 ps, after which the temperature was scaled down to 100 K in 25 ps and reduced to 0 K in the last 25 ps. Force constants were 20 kcal mol for G-quartet base planarity restraints. The cutoff for non-bonded interactions was 20 Å and SHAKE algorithm for hydrogen atoms had a tolerance of 0.0005 Å. 10 of the lowest energy structures were selected and minimized with a maximum of 10000 steps of conjugate gradient energy minimization.
RESULTS AND DISCUSSION
Ample quantities of the r(GGA) 2 for NMR studies were prepared with in vitro RNA synthesis utilizing T7 polymerase. 1D 1 H spectrum of r(GGA) 2 reveals that a single species is formed in a 100 mM KCl solution (Figure 1 ). Four well resolved resonances in the imino region of the spectrum (δ 11.0-11.5 ppm) correspond to hydrogen bonds in Hoogsteen geometry and indicate the presence of a G-quadruplex structure. The number of observable imino signals suggests the formation of a symmetric bimolecular G-quadruplex with two G-quartets.
CD spectroscopy was utilized in order to determine the strand directionality within the G-quadruplex. A positive peak at 260 nm and a negative peak at 240 nm are indicative of a parallel G-quadruplex structure (Figure 2) . Interestingly, parallel orientation of the four strands in the G-quadruplex adopted by r(GGA) 2 is reminiscent of the topology of related r(GGA) 4 
Relevant NMR resonances were assigned with standard 2D NOESY, COSY and TOCSY based approaches. Additionally, 2D HSQC, 3D NOESY-HSQC, HCN and HCCH-COSY spectra were acquired with 13 C/ 15 N double labeled r(GGA) 2 . The sequential walk in aromatic-anomeric region of NOESY spectra could be observed throughout the r(GGA) 2 sequence ( Figure 3) . It is noteworthy, however, that internucleotide G2H1'-A3H8 and A3H1'-G4H8 cross-peaks are very weak. Also, correlations between H8 and N9 in A3 and between H1' and N9 in G4 could not be observed in HCN spectra (data not shown). This suggests considerable deviations of glycosidic torsion angles from A-type geometry in the vicinity of the A3 residue.
It was previously shown that a related oligonucleotide sequence can form a structure where two G-quadruplex units dimerize through the stacking of G/A hexade planes. 15 To explore this possibility hydrodynamic properties of the G-quadruplex formed by r(GGA) 2 were assessed with the use of a Interestingly, deuterium exchange experiments showed that G1 and G4 imino and G1 amino proton resonances remained protected from exchange for weeks after the substitution of H 2 O for 2 H 2 O as solvent. This suggests an extremely tightly packed structure at the interface of the two G-quadruplex units. This is in agreement with findings that G1, G4, G7 and G10 imino resonances of r[(GGA) 4 ] 2 also remain observable for at least a day after the change of solvent. 15 Simulated annealing was used to calculate a 3D structure based on the predicted topology and NMR distance restraints. The structure consists of two r(GGA) 2 oligonucleotide chains, designated a and b, which form one bimolecular G-quadruplex unit, and two additional chains, c and d, which constitute the symmetric G-quadruplex unit (Figure 4) . Each nucleus therefore exhibits a 4-fold symmetry. According to intensities of internucleotide H8-H1' NOESY cross-peaks, the χ angles of all nucleotides were assigned to anti conformation. Due to the absence of observable H1'-H2' TOCSY cross-peaks all sugar pucker conformations were restrained to C3'-endo. Several NOE contacts, which could not be satisfied within a single G-quadruplex unit, due to large distances, have been assigned to nuclei between the two G-quadruplex units ( Figure  4) . A standard simulated annealing protocol was used to calculate a set of 100 structures of which 10 lowest energy structures were selected for further refinement. Heavy atom RMSD value of the 10 lowest energy G-quadruplex structures is 1.20 Å. Guanines involved in G-quartets give an RMSD of 0.71 Å. The structure of A3, which is hydrogen bonded to G1, is also well defined with a RMDS value of 0.64 Å, while terminal A6 residue exhibits a relatively large RMSD of 2.51 Å.
The symmetric structure consists of two G-quadruplexes, each comprised of two G-quartets (Figure 5a ). The inner G-quartets, comprised of residues G1 and G4, are located at the interface of the two G-quadruplex units. The remaining G2 and G5 residues form the outer G-quartets. Residue A3, which is connecting two G-tracts, does not form a classic propeller-type loop. It is hydrogen bonded to G1 and therefore positioned in the plane of the inner G-quartet. However, A3 nucleobase is not parallel to the G-quartet plane, but set at an approximately 45° angle. Interestingly, the nucleobases of two adjacent A3 residues belonging to different monomeric G-quadruplex units (a.A3-c.A3 and b.A3-d.A3) are parallel to each other. 3' terminal A6 residues are positioned above the outer G-quartets, however, they are highly mobile and therefore not well stacked on the purine moieties of G2 or G5.
CONCLUSION
Molecularity plays an important role in G-quadruplex formation. Monomolecular G-quadruplexes are expected to fold instantly in solution. On the other hand, bimolecular and especially teramolecular G-quadruplex often fold slowly and the rate of folding is highly concentration dependent. In this study we describe the oriented at an approximately 45° angle to the G-quartet plane, however, still hydrogen bonded to G1 with a single A3H62-N3G1 bond. Interestingly, this orientation of A3 residues apparently does not results in a less compact structure, as G1 and G4 exchangeable proton resonances persist for weeks in deuterated water.
More significantly, is has been shown that the interaction between PrP N-terminal region of PrP C . 15, 16 On the other hand, four terminal A6 residues (two per G-quadruplex unit) of r[(GGA) 2 ] 4 , while still somewhat flexible, are positioned above the outer G-quartets and most likely sterically hinder possible external interactions. While A6 residues could rotate to the sides of the G-quadruplex structure, a barrier of repositioning of four instead of two nucleotides would have to be overcome upon PrP C binding. We believe this would result in an increase in the binding constant and make r[(GGA) 4 ] 2 a less effective anti-prion protein aptamer.
